The goal of this study was to determine if changes in the epicardial QRS complex after coronary artery occlusion (CAO) can be used to evaluate the efficacy of interventions designed to limit infarct size. Forty-one open-chest dogs with CAO were studied: 15 were controls, 18 received hyaluronidase and eight received propranolol starting 20 minutes after CAO. Epicardial ECGs were recorded at specific time intervals to analyze ST-segment elevation and changes in Q and R waves. Transmural specimens were obtained 24 hours after CAO from the same sites at which ECGs were recorded.
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Movimento Napoli 8: 428, 1896 35. James TN: Morphology of the human atrioventricular node, with remarks pertinent to its electrophysiology. Am Heart J 62: 756, 1961 36. Brechenmacher C: Atrio-His bundle tracts. Br Heart J 37: 853, 1975 37. Touboul P, Huerta F, Arnaud P, Porte J, Delahaye JP: Etude electrophysiologique de deux cas de preexcitation ventriculaire compatibles avec la presence de fibres de Mahaim. Arch Mal Coeur 68: 841, 1975 38. Gallagher JJ, Cope GD, Tonkin AM, Wallace AG: Retrograde atrial preexcitation following premature ventricular beats during reciprocating tachycardia in the Wolff-Parkinson-White syndrome. (abstr) Am J Cardiol 37: 138, 1976 Use SUMMARY The goal of this study was to determine if changes in the epicardial QRS complex after coronary artery occlusion (CAO) can be used to evaluate the efficacy of interventions designed to limit infarct size. Forty-one open-chest dogs with CAO were studied: 15 were controls, 18 received hyaluronidase and eight received propranolol starting 20 minutes after CAO. Epicardial ECGs were recorded at specific time intervals to analyze ST-segment elevation and changes in Q and R waves. Transmural specimens were obtained 24 hours after CAO from the same sites at which ECGs were recorded. Q wave development (AQ), R wave fall (AR), and their combination (AR + AQ) at 24 hours correlated with the extent of necrosis, as de-LIMITATION OF THE EXTENT of myocardial infarction following coronary artery occlusion is potentially of great clinical importance, since the salvage of contractile tissue otherwise destined to undergo necrosis may reduce heart failure and, ultimately, mortality secondary to myocardial infarction. It has been shown in experimental animals that a variety of pharmacologic, metabolic, and hemodynamic interventions can reduce ischemic injury in its reversible phase and thus reduce the extent of the subsequent infarction.' Some of these interventions have now been tested in small numbers of patients4-7 with encouraging results. One of the most formidable barriers to the clinical application of the in-termined by myocardial creatine phosphokinase activity depression and histologic appearance. In the control group ST-segment elevation 15 minutes after CAO (STi,m) predicted changes in Q and R waves 24 hours later; in the treated groups, the same STism prior to drug administration resulted in significantly less QRS changes. Thus, I) Q wave development and R wave fall 24 hours after CAO accurately reflect myocardial necrosis. 2) ST,,m predicts subsequent changes in Q and R waves. 3) The efficacy of hyaluronidase and propranolol, agents previously shown to reduce myocardial necrosis, can be detected by less Q wave development and a smaller fall in R wave voltage.
formation which has been obtained in the laboratory is the lack of a suitable technique for assessing the efficacy, or lack thereof, of these interventions. Specifically, a technique is needed which can be applied at an early stage in the course of an infarction, when the injury to considerable quantities of myocardium is still in the reversible phase, to predict the ultimate amount of myocardial necrosis to be anticipated, and which can then be repeated at a later time to assess the amount of damage which has actually occurred.
An analysis of changes in the QRS complex potentially satisfies these requirements. The present report describes studies in experimental animals of: 1) The relation between alterations in the QRS complex (i.e., appearance of Q waves and fall in R waves) of the epicardial electrogram and myocardial necrosis, as determined biochemically and histologically; 2) the use of epicardial ST-segment elevation occurring soon after coronary occlusion to predict the subsequent alterations in the epicardial QRS complex; and 3) the detection, by an analysis of changes in epicardial QRS morphology, of the limitation of necrosis by hyaluronidase and propranolol, agents previously shown to reduce myocardial damage following coronary occlusion.",8
Methods Forty-one mongrel dogs of both sexes weighing between 20 and 34 kg were anesthetized with sodium thiamylal and placed on artificial respiration using a volume respirator (Harvard Apparatus). A left thoracotomy was performed in the fifth intercostal space, and the heart was suspended in a pericardial cradle. The left anterior descending coronary artery was dissected free from the adjacent tissue and, at the appropriate time, ligated with 00 mersilene suture material. Ten to 16 sites on the anterior surface of the left ventricle were selected for the recording of unipolar electrograms. Each site selected for electrocardiographic recording was recognized by its specific relationship to the branching of the coronary arteries and veins. Sites were chosen from within the area supplied by the occluded vessel, from distant regions (presumably normal), and from the border zone. The input impedance of the recorder amplifier was 100 megaohms, and the frequency response of the system was ± 0.5 db from 0.14 to 70 Hz. The impedance of the electrode was maintained constant, as reflected in the reproducibility of the tracings. The electrode employed was a 15 mm2 copper cylinder with a saline-soaked wick connected to the precordial V lead and held by a cable perpendicular to the electrode, thus minimizing mechanical stress. Because of the large area of the electrode, small variations in location did not change the configuration of the recordings. The electrograms obtained with this system are reproducible following subsequent coronary artery occlusion.' Electrocardiographic lead aVF and systemic arterial pressure (Statham P23Db pressure transducers) were recorded continuously for the duration of the experiments on a Brush Instruments polygraph.
In order to determine the relationship between epicardial ST-segment elevation and the subsequent development of Q waves and the effect of hyaluronidase on this relationship, the coronary artery was occluded for six hours in 17 dogs. Seven of these served as controls, and the other 10 dogs received hyaluronidase* intravenously (500 NF units/kg) 20 minutes after occlusion. In all dogs epicardial electrograms were recorded immediately prior to occlusion and 15 minutes, 2, 3, 4, 5, and 6 hours after occlusion. The ST-segment elevation 15 minutes after occlusion (STi5m) at each site was related to AQ, i.e., the difference in mV between the depth of a Q wave at a given time following occlusion and its depth prior to occlusion (small Q waves are normally present in epicardial leads over the interventricular septum). The relation between ST,,m and AQ was determined at hourly intervals for six hours.
In a second group of 24 dogs coronary artery occlusions were maintained for 24 hours. Eight of these served as controls; eight received hyaluronidase (500 NF units/kg) intravenously 20 minutes after occlusion; and eight received propranolol, 1 mg/kg intravenously 20 minutes after occlusion, and 0.25 mg/kg every six hours thereafter. Epicardial electrograms were recorded immediately before and 15 *Alidase, supplied by G.D. Searle & Co., Chicago, Illinois. minutes after occlusion. The thorax was then closed in layers and drained with an underwater tube. Twenty-four hours later the dogs were reanesthetized, placed on artificial respiration, and their chests reopened. Epicardial electrograms were recorded again from the same sites at which recordings had been made 15 minutes following occlusion. These 24 hour electrograms were analyzed for the development of Q waves and the loss of R wave voltage. Following the 24 hour electrograms, the animals were sacrificed, and transmural specimens weighing approximately 400 mg were obtained from each site for analysis of creatine phosphokinase (CPK) activity and for histologic examination. The changes in the QRS complex were compared with the depression of myocardial CPK activity and with the histologic findings.
Sites at which local conduction delay occurred, as indicated by prolongation of the interval from the onset of the QRS to the intrinsic deflection exceeding 40 msec or prolongation of the entire QRS beyond 65 msec, were excluded from ST-segment analysis, since in the presence of an intraventricular conduction defect the ST segment is no longer an accurate index of ischemic injury." In each group of eight dogs only six sites exhibited such prolongation. Sites with conduction delay at 24 hours were excluded from QRS analysis, since such delay is well known to alter QRS morphology.'0 Only one site was excluded because of this criterion. Myocardial CPK analysis was carried out as previously described.8,"
The specimens for histologic examination were fixed in formaldehyde 10% and stained with hematoxylin and eosin. They were examined by one of the investigators, who had no previous knowledge of their origins. Each section was graded according to the percentage of the section deemed necrotic: 0 (no evidence of necrosis), 1+ (1-25% necrosis), 2+ (26-50% necrosis), 3+ (51-75% necrosis), or 4+ (> 75% necrosis). The following histologic features were observed in areas of myocardium considered to be necrotic: 1) increased eosinophilia of the myocardial fibers; 2) loss of cross striations with increased granularity of the cytoplasm; 3) thinning and waviness of the myocardial fibers; 4) presence of contraction bands; 5) pyknosis and disappearance of myocardial cell nuclei; and 6) intefstitial infiltration of neutrophilic polymorphonuclear leukocytes.1"
All statistical analyses, except those involving the graded histologic sections, were performed using each dog as an independent statistical unit. Thus, when the relationship between two variables was analyzed, a regression line was first calculated for each individual dog. Then, the individual regression lines were averaged, and the standard error of this average was determined. The treated and untreated groups were then compared using Student's t-test.
Results

I. Correlation between Myocardial Necrosis and Epicardial QRS Changes 24 Hours following Coronary Occlusion
In the eight control dogs in which the coronary artery was occluded for 24 hours a total of ten sites were considered to be normal, since they showed no ST-segment elevation 15 minutes after occlusion, normal myocardial CPK activity (average, 35.6 + 0.7 IU/mg protein), and normal histologic appearance 24 and histologic signs of early myocardial infarction 24 hours later. All of these sites also developed Q waves > 4 mV (average, 13.7 ± 0.7) 24 hours after occlusion. The relationship between myocardial CPK activity and changes in the epicardial QRS complex for the same sites is shown in figure 1 and table 1. The degree of alterations in the QRS was proportional to myocardial CPK depression. Thus, reduction in CPK activity, which is taken to represent the degree of necrosis, correlated closely with the appearance of new Q waves (AQ), the fall in R waves (AR, %;R), and a combination of the two (AR + AQ).
In the dogs treated with hyaluronidase or propranolol (eight in each group) the relationship between alterations in the epicardial QRS complex which developed in 24 hours and the enzymatic changes in the subjacent myocardium was not altered from the relationship observed in the control dogs. In the control group the relationship between CPK activity and epicardial QRS changes was: CPK = (-0.57 ± 0.08) (AR + AQ)24h + (35.1 ± 0.6) (N = 8, r =-0.86 ± 0.03), and in the hyaluronidase-treated group it was: CPK = (-0.54 ± 0.27) (AR + AQ)24h + (28.8 ± 3.0) (N = 8, r = -0.51 ± 0.14); while in the propranolol- There was also a good correlation between the changes in the epicardial QRS complex and the histologic appearance which developed in the 24 hours following occlusion ( fig. 2 ). As the histologic severity of necrosis increased, a progressive elevation of (AR + AQ)2.h was noted. at various time intervals after coronary artery occlusion. Note that as the time interval increases, the slope of the line increases as well, reflecting deeper Q waves. There is a statistical difference between the slopes of. 2 50% necrosis, while only 44% of the ischemic sites in the hyaluronidase-treated dogs (P < 0.0005 in comparison to controls) and 55% of the ischemic sites in the propranololtreated dogs (P < 0.001 in comparison to controls) showed more than 50% necrosis (figs. 2 and 5). The beneficial effects of hyaluronidase and propranolol, established both biochemically and histologically, were reflected in the less pronounced changes in the epicardial QRS complex. The changes in Q and R waves for the dogs given either hyaluronidase or propranolol were significantly less for any given level of STi5m than were those for the control dogs (figs. 4, 5, 6, 7; table 3), reflecting less myocardial necrosis.
Discussion
The ideal technique for assessing the effectiveness of interventions designed to protect injured but potentially salvageable myocardium in patients should be: 1) safe and noninvasive; 2) capable of predicting the extent of necrosis to be expected if no intervention were employed; 3) capable of assessing the extent of necrosis that actually develops; 4) capable of providing the data in items 2 and 3 accurately and in quantitative terms, i.e., in grams; 5) effective if applied immediately on the patient's admission, so that the intervention under study can be promptly applied, since delay in treatment may be expected to reduce the population of injured cells that are salvageable; 6) relatively simple, easy to apply, and inexpensive, so that its use will not be limited to specialized centers; and 7) applicable to all patients with acute myocardial infarction. Items 2 and 3 are of particular importance, since they would allow each patient to be used as his own control.
Three methods for assessing interventions in patients are currently available: analysis of washout of myocardial enzymes into the blood stream, radionuclide imaging of the heart, and precordial electrocardiographic mapping. CPK disappearance curves1 1-7 can be used in two ways to assess changes in myocardial necrosis: 1) "Infarct size" can be calculated from serial CPK plasma values, and comparisons between a control and a treated group can be carried out. Since infarcts may vary in size one hundred fold, a reduction of infarct size on the order of 20% can be demonstrated only by studying an extremely large number of patients. This practical limitation has prevented the successful application of this method to the problem under con- sideration. 2) "Infarct size" can be predicted from an analysis of the first seven hours of rise of CPK and compared to "infarct size" calculated from the CPK curve actually observed. This method has been employed in several investigations,6'l8'"9 but it has certain mathematical limitations. Actually, each patient does not serve as his own control but rather each group serves as its own control, since in individual patients the observed "infarct size" can vary markedly from that predicted. Moreover, patients can re- The scintigraphic techniques which use the gamma emissions of several radionuclides can be divided into those that demonstrate nonperfused areas (cold spot) and those that demonstrate the injured areas (hot spot). Although cold spot imaging is useful for some investigations, the technique is not ideally suited for the measurement of myocardial damage, since myocardial necrosis results not only from inadequate myocardial blood flow but also from an unfavorable balance between oxygen supply and demand. In addition, areas of long-standing nonperfusion cannot be distinguished from those in which the perfusion deficit is of more recent onset. The scanning of infarcts with agents that are concentrated in the injured area (hot spot) is very promising, since it provides a direct measurement of myocardial injury.2' 24 Serial scintigraphy is potentially very useful in evaluating the progression of injury. At the present time, however, despite the enormous potential of these methods, they are still in the early phases of their development, and the quantitative expression of results is not yet possible.
Following initial observations on open-chest dogs using epicardial leads, we and other investigators have used precordial ST-segment mapping as a means of assessing changes in ischemic injury in patients with transmural anterior or lateral myocardial infarctions. Several studies have been performed in patients using this method, and the beneficial effects of a variety of interventions have been demonstrated. These include propranolol,4'25 intra-aortic balloon counterpulsation,26 hyaluronidase,5 nitroglycerin with and without phenylephrine,72728 and oxygen.29 The usefulness and limitations of this technique have been discussed elsewhere. 30 The advantages of this technique are its simplicity and the immediate demonstration of changes in ST-segment elevation following interventions, indicating directional changes that signify alterations in the extent and severity of ischemic injury. The disadvantages of the method are its inability to reflect the actual development of myocardial necrosis and the sensitivity of the precordial ST segment to factors other than ischemic injury, such as the development of pericarditis or alterations in electrolyte concentrations.
The approach proposed in this study appears to obviate some of these disadvantages. The changes in the epicardial QRS complex, specifically the combination of the decline of R waves and the development of Q waves during the 24 hours following coronary artery occlusion, correlate closely with the development of myocardial necrosis in the subjacent myocardium; an excellent correlation was found between these electrocardiographic changes and both the reduction of CPK activity ( fig. 1 ) and the histologic signs of myocardial infarction (fig.2) . A corollary of this finding was the observation that epicardial ST-segment elevations 15 minutes after occlusion accurately predicted the development of the changes of the epicardial QRS complex that are indicative of necrosis 24 hours later ( fig. 4 ), as well as of the myocardial CPK activity and the histologic signs of necrosis, as has been observed previously.4'8 Moreover, the ST-segment elevations correlated well with epicardial QRS changes at hourly intervals between two and six hours after occlusion, indicating that the ST-segment changes are predictive of QRS changes even as they are occurring ( fig. 3 ). These findings demonstrate the close relationship between necrosis and epicardial QRS changes and are in accord with the observations of Wilson et al., who noted that transmural necrosis was present in those sites demonstrating QS complexes. 35'32 Prinzmetal et al. later noted that sites demonstrating an epicardial QR complex were characterized by a mixture of living and dead myocardium.3 '34 The usefulness of analysis of the epicardial QRS in assessing the ability of interventions to reduce infarct size following coronary occlusion was studied with both hyaluronidase and propranolol, agents that had been shown previously to diminish the depression of CPK activity following coronary occlusion.',8 First, our earlier observations demonstrating the relationship between the epicardial ST segment 15 minutes following coronary occlusion and the CPK activity and histologic appearance in the subjacent myocardium 24 hours later were verified in this study. Second, the changes in the Q and R waves, reflecting the development of necrosis, were attenuated at all time intervals following occlusion in the treated dogs. Although the magnitude of the changes in the QRS complex and CPK activity were less in the treated groups than in the control group, the relationship between these two indices of cardiac damage was similar, confirming the validity of the use of changes in the QRS complex to reflect the development of necrosis. It should be emphasized that hyaluronidase and propranolol did not reduce already existing alterations in the epicardial QRS complex; rather, these agents prevented their appearance, since these alterations reflect an irreversible phase of injury.
The two interventions employed in this studyhyaluronidase and propranololalmost certainly exert their salutary effects on injured myocardium by different mechanisms. Although the exact mechanism of action of hyaluronidase has not been determined, it is believed that this agent may act by decreasing edema formation, thereby preserving flow to the ischemic tissue. It has been shown recently that blood flow to the ischemic area is better preserved in an animal treated with hyaluronidase than in a control.35 On the other hand, propranolol apparently benefits the ischemic myocardium by improving the balance between oxygen supply and demand through a decrease in myocardial oxygen consumption",36 and not through an improvement in collateral flow.37'38 Irrespective of the intervention employed or its mechanism of action, the changes in the epicardial QRS complex reliably predict the extent of necrosis as determined by biochemical and histologic criteria.
